The purpose of this experiment was to clarify the effects of nutrients on the gonadal development of male rats kept under constant darkness as a model of disturbed daily rhythm. Protein, methionine, vitamins, minerals and fat were selected as experimental factors, and eight kinds of diets were prepared based on the L8(27) type orthogonal array. Dietary contents of the nutrients were normal (AIN-76 diet) or 1/3 to 1/2 of the normal content. Four-week-old rats (Fischer 344 strain) were kept under constant darkness for 4 wk. Control groups were kept under 12-h light/dark cycle. After 4 wk, the gonadal weights and serum testosterone content were evaluated. The effects of nutrients on gonadal develop ment in rats differed between constant darkness groups (D-groups) and normal lighting groups (N-groups). Among the D-groups, the highest value for testes weight was observed under the normal protein, methionine added, low vitamin, low mineral and normal fat diet. The lowest value for testes weight was observed under the low protein, methionine added, normal vitamin, normal mineral and low fat diet. Among the N-groups, the highest value for testes weight was observed under the normal protein and no methionine diet, and the lowest value was observed under the low protein and no methionine diet. Among the D groups, the highest value for serum testosterone was observed under the normal protein and low mineral diet. In the N-groups, serum testosterone was not affected by nutritional factors. It became clear that the amounts of protein, methionine, vitamins, minerals, and oil which are necessary for the gonadal development of growing male rats change when kept in constant darkness.
Almost all organisms, including humans, possess a circadian rhythm with an approximately 24-h cycle (1, 2) . The cycle of circadian rhythm differs according to organisms. The cycle of human beings is about 25h (3) . On the other hand, our life is based on 24h cycle, caus ing a misalignment between the circadian rhythm and our 24-h life cycle. The gap is recovered when the endogenous circadian rhythm is entrained by exoge nous factors such as the light/dark cycle and the cycle of the living environment, which in turn determines the daily biological rhythms such as body temperature changes and secretion of hormones and digestive enzymes.
In recent decades, the number of people who do not have a regular schedule has been increasing due to the globalization of business and social activities and the * To whom correspondence should be addressed . E-mail: esashi@seitoku.ac.jp diversification of the forms of labor. In other words, the number of people who have irregular times for working, sleeping, resting and eating meals is increasing. Shift workers are a typical example.
According to an investigation, the percentage of com panies carrying out late-night labor (i.e., with ap pointed working hours between 10:00p.m. and 5:00 a.m.) in 1998 was 25.2% (4) . In addition, it has been reported that many people are active until midnight because of diversification of life activities; the sleeping rate (more than 10 years old) at 1:00a.m. was only 90.9%, and the sleeping rate at 2:00a.m. was 94.9% (5) .
Abe and Esashi (6) reported that shift workers had irregular meal times and often went without meals. As a consequence, many of these workers were in an under-or over-nourished state.
In addition, according to the labor circumstances investigation of 2001, 36.1% of workers who engaged in midnight work suffered from worsened health condi tions. The longer the period of late-night work, the higher the rate of poor health (7) .
Such irregularities in the daily schedule can adversely affect the bio-regulatory mechanisms, result ing in an abnormal diurnal rhythm that can impede biological activities structurally and functionally. The process by which such disorders are induced is, in the ory, dependent upon the nutritional condition of the individual.
However, there is no basic data on the nutritional aspects of maintaining or promoting health with dis turbed daily rhythms. In this study, we attempted to obtain this basic data using a rat model.
It has been observed that rats kept under constant darkness develop disturbances in their feeding and motor-activity rhythms, and suffer from altered rhythms of hormone secretions and enzyme activities (8, 9) . Clearly, environments without light information that can entrain circadian rhythms cause changes in feeding and activity rhythms of rats; these conditions can be considered similar to those of people with dis turbed daily rhythms.
Sakai has reported that rats kept in constant dark ness showed a decrease of pituitary gland weight and depression of gonadal development (10, 11) . Esashi has observed that when rats were kept in constant darkness for 4wk, those fed a low protein diet (9% milk casein) showed greater depression of gonadal development than those fed a normal (18% milk casein) or high pro tein diet (27% milk casein) (12) . Because levels of dietary protein seem to have no effect on gonadal devel opment in rats kept in normal lighting conditions, it can be thought that rats kept under constant darkness undergo changes in their nutrient metabolisms and/or their nutrient requirements for gonadal development. Our pilot study confirmed that rats kept in an irregular light-and-dark regimen also showed depression of gonadal development.
These facts show that maintaining rats in constant First, the effects of nutrient levels and interactions between nutrients on gonadal organ weights and serum testosterone concentration were determined by ANOVA. And then, estimated values of gonadal organ weight and serum testosterone concentration were cal culated only in accordance with the nutrient factors that showed significant differences (p<0.05%). There fore, the values in the tables are estimated values and have a statistical difference.
Student's t-test was conducted on the values between N-group versus D-group.
RESULTS
The functioning of the gonadal organ in the growing period is in direct proportion to the weight of organ (16) . Therefore, in this study, the weights of the gonadal organs were compared by absolute value, not by the value per 100g body weight. And the high weight of gonadal organ was evaluated as being suitable.
Results of ANOVA and Student's t-test
The effects of dietary nutrient content on gonadal organ weight, serum testosterone concentration and body weight are shown in Table 3 .
The effects of nutrients on the gonadal organ of the D-groups differed in many ways from those of the N -groups. That is, many factors influenced the D-groups more than they did the N-groups. All nutrient factors, and particularly the minerals, influenced the testes weight of D-group rats. In the N-groups, only the influ ence of protein and the interaction of protein and methionine (Met) on testes weight were observed.
The weights of gonadal organs and the concentra tions of serum testosterone in the D-group were signifi cantly lower than those of the N-group (p<0.01). There was no significant difference between the body weights.
2. Estimated values of body weight and gonadaI organ weight, and serum testosterone concentration The kind of nutrients that had a significant effect on body weight and gonadal organ weight, and serum tes tosterone concentration, and these estimated values are shown in Tables 4-9 .
The average and SD of these analyzed values of each group showed it as a reference value, too (Appendix 1).
2-1. Body weight. In the D-groups, protein and Met, and the interactions between protein and Met, were observed to have effects on body weight (Tables 3  and 4 ). The highest value for body weight (145.5g) was observed in rats on the normal protein no Met diet, and the lowest value for body weight (118.5g) was observed in rats on the low protein, no Met diet (Table  4 ). The interaction of protein and Met showed that the effects of adding Met to the diet differed according to the level of protein in the diet. Namely, body weight increased when Met was added to a low protein diet (21.6g increase, Table 4 ), and reduced when Met was added to a normal protein diet (2.2g reduction, Table  4 ).
On the other hand, in the N-groups, protein, Met and minerals and the interaction of protein and Met were observed to have an influence on body weight (Tables 3  and 4 ). The highest value for body weight (162.7g) was observed in rats on the normal protein, Met added and normal mineral diet; the lowest value for body weight (105.7g) was observed in rats on the low pro tein, no Met and low mineral diet ( Table 4 ). The interac tion of protein and Met showed that the body weight increased greatly when Met was added to a low protein diet (32.4g increase, Table 4 ), and also increased slightly when Met was added to a normal protein diet (6.5g increase, Table 4 ). The interaction in the N -groups was different from that of the D-groups.
2-2. Testes weight. In the D-groups, protein, Met, vitamins, minerals and oil, and the interaction of pro tein and Met were observed to have an effect on testes weight (Tables 3 and 5 ). The highest value for testes weight (1.594g) was observed in rats on the normal protein, Met added, low vitamin, low mineral and nor mal oil diet; the lowest value for testes weight (0.731g) was observed in rats on the low protein, Met added, normal vitamin, normal mineral and low oil diet ( Table  5 ). The interaction of protein and Met showed that the effect of adding Met on the diet differed according to the level of protein in the diet. Namely, the testes weight was reduced when Met was added to a low protein diet (0.059g reduction, Table 5 ), but increased when Met was added to a normal protein diet (0.159g increase , Table 5 ).
In the N-groups, on the other hand, only protein and Met, and the interaction of protein and Met were observed to have an effect on testes weight (Tables 3  and 5 ). The highest value for testes weight (1 .859g) was observed in rats on the normal protein, no Met diet . The lowest value for testes weight (1.432g) was observed in rats on the low protein, no Met diet ( Table  5 ). The interaction of protein and Met showed that the testes weight increased when Met was added to a low protein diet (0.356g increase, Table 5 ), but reduced when Met was added to a normal protein diet (0 .039g reduction, Table 5 ). This interaction was different from that of the D-groups.
2-3. Epididymides weight. In the D-groups, protein, Met, vitamins, minerals and oil, and the interaction of protein and Met were observed to have an effect on epi didymides weight (Tables 3 and 6 ) . This result was the same as that of testes weight. The highest value for epi didymides weight (0.187g) was observed in rats on the normal protein, Met added, low vitamin , low mineral and normal oil diet; the lowest value for epididymides weight (0.085g) was observed in rats on the low pro tein, Met added, normal vitamin, normal mineral and low oil diet ( Table 6 ). The interaction of protein and Met showed that the epididymides weight decreased when Met was added to a low protein diet (0 .007g reduction, Table 6 ), but increased when Met was added to a nor mal protein diet (0.019g increase, Table 6 ) . In the N-groups, on the other hand, protein, Met, vitamins and oil, and the interaction of protein and Met were observed to have an effect on epididymides weight (Tables 3 and 6 ). The highest value for epididymides weight (0.250g) was observed in rats on the normal protein, no Met, low vitamin and normal oil diet; the lowest value for epididymides weight (0.149g) was observed in rats on the low protein, no Met, normal vitamin and low oil diet ( Table 6 ). The interaction of protein and Met showed that the epididymides weight increased when Met was added to a low protein diet (0.062g increase, Table 6 ), but reduced when Met was added to a normal protein diet (0.027g reduction, Table 6 ).
In the D-groups, all the nutrients had the same effects on both testes and epididymides weights. In the N-groups, the only nutrient that had the same effect on both testes and epididymides weights was protein.
2-4. Seminal vesicles weight. In the D-groups, pro tein, Met, vitamins and minerals were observed to have an effect on seminal vesicles weight, but not the inter action of protein and Met (Tables 3 and 7 ). The highest value for seminal vesicles weight (56.9mg) was observed in rats on the normal protein, Met added, low vitamin and low mineral diet; the lowest value for sem inal vesicles weight (19.6mg) was observed in rats on the low protein, no Met, normal vitamin and normal mineral diet (Table 7) .
On the other hand, there was no effect of nutrient levels on seminal vesicles weight in the N-groups.
In the D-groups, the nutrients that had the same effects on testes and seminal vesicles weights were vita mins and minerals. The interaction of protein and Met on seminal vesicles was different from that of testes. Dietary levels of oil affected the testes, but not the semi nal vesicles. In the N-groups, the effects of protein and Met were observed on the testes, but not on the seminal vesicles.
2-5. Prostate weight. In the D-groups, the only nutrient that had an effect on prostate weight was min erals (Tables 3 and 8 ). The highest value for prostate weight (32.7mg) was observed in rats on the low min eral diet, and the lowest value for prostate weight (20.6mg) was observed in rats on the normal mineral diet (Table 8) .
In the N-groups, on the other hand, protein, Met, and the interaction of protein and Met were observed to have an effect on prostate weight (Tables 3 and 8 ). The highest value for prostate weight (66.5mg) was observed in rats on the normal protein, Met added diet, and the lowest value for prostate weight (35.4mg) was observed in rats on the low protein, no Met diet ( Table  8 ). The interaction of protein and Met showed that the prostate weight increased greatly when Met was added to a low protein diet (29.9mg increase, Table 8 ), but increased slightly when Met was added to a normal pro tein diet (3.9mg increase, Table 8 ).
The highest value in the D-groups was lower than the lowest value in the N-groups.
In the D-groups, the only nutrient that had the same effect on testes and prostate was minerals. The effects of protein, Met, vitamin and oil were observed on testes, but these effects were not observed on prostate.
In the N-groups, the interaction of protein and Met on prostate was different from that of testes.
2-6. Serum testosterone concentration. In the D -groups, protein and minerals were observed to have an effect on serum testosterone concentration (Tables 3  and 9 ). The highest value (1.298ng/mL) was observed in rats on a normal protein, low mineral diet, and the lowest value (0.422ng/mL) was observed in rats on a low protein, normal mineral diet (Table 9 ). In the N-groups, there were no effects of nutrients on serum testosterone concentration.
In the D-groups, protein and minerals had the same effects on testes weight and serum testosterone. Table 9 .
The estimated value of the combined effect of nutrients on serum testosterone.
DISCUSSION
This study was designed by orthogonal array. This experimental design is very superior for factorial analy sis and factor interaction analysis (13, 14) . Therefore, it is a useful method for this experiment in order to make clear many nutritive effects that are shown in this study. We have already reported experiments that used this method (17, 18) .
It has been reported that rats kept in constant dark ness as a model of disturbed daily rhythm displayed depressed gonadal development (11, 12) . It has also been observed that gonadal development was influ enced by dietary nutrients (19) . But an experiment to confirm the effecec the effects of dietary nutrient content on gonadal development of rats with disturbed daily rhythm had never been conducted.
As shown in results, the effects of nutrients on the D groups and the N-groups differed. All of the nutrients examined had an observed effect on gonadal organ weight in the D-groups. Influences of protein and Met on serum testosterone concentration were recognized in only the D-groups. It was concluded that keeping rats in constant darkness enhances their sensitivity to the amount of nutrients in their diets.
Effects of dietary protein and methionine
Esashi has reported that a low protein diet depressed the gonadal development in rats, and that this effect was accelerated by keeping the rats in constant dark ness (12) . In this study, low protein diets (9% casein level) depressed the development of gonads and lowed the serum testosterone concentration. The depressions in the D-groups were more remarkable than those in the N-groups. These results supported the previous findings (12) .
On the other hand, the effects of protein and Met on testes and epididymides development differed according to the lighting conditions. In the AIN-76 purified diet, milk casein is used as protein source, so 0.3% Met was added to the diet, as methionine is the most limited amino acid in milk casein (15) .
The body weight in the N-groups increased clearly from the addition of Met at both low (9%) and normal (20%) casein level diets (Table 4) , but the testes and epi didymides weight did not increase when Met was added. The body weight in the D-groups increased from the addition of Met to the 9% casein diet only. And tes tes and epididymides weight gain were depressed when Met was added to the 9% caseinn diet. The interaction of casein and Met on testes and epididymides weight in the D-groups showed a contrary result to the effect on the body weight.
These results showed that the protein and amino acids composition of the AIN-76 purified diet are suited for growth of the rats kept under normal lighting condi tion, but are not necessarily suitable for gonadal devel opment.
In addition, the difference between the two groups in the effects of protein and Met on body weight and gonadal weight lead to the conclusion that Met metabo lism was changed by keeping the rats in constant dark ness. It is not clear whether the change impacted the stage of absorption of the amino acid or the stage of metabolism after the absorption. However, it can be sur mised that the amino acid requirements or the amino acid balance necessary for gonadal development dif fered between the D-groups and the N-groups. There fore, it is necessary to examine to determine the amino acid requirements for rats with disturbed daily rhythm.
Effect of dietary vitamins
The effect of vitamins on gonads in the D-groups was more marked than that in the N-groups; interestingly, the normal vitamin diet induced the depression of gonadal development in both groups. In other words, we discovered that the amount of vitamin mixture of AIN-76 purified diet was excessive for gonadal develop ment, and that this effect was more remarkable in rats with disturbed daily rhythm. These results suggest that the rats kept in constant darkness experienced changes in either vitamin metabolism or the metabolic mecha nism related to vitamin metabolism; the exact mecha nism cannot be determined from this study. However, serum testosterone concentration was not influenced by dietary vitamin content. It may conclude that the relevant mechanism is not involved in testosterone pro duction.
Twelve kinds of vitamins are contained in the vita min mixture of the AIN-76 purified diet; it is highly unlikely that all of these vitamins exceed the optimal levels. Therefore, it is necessary to clarify which vita mins are in excess, or whether any possible interactions between vitamins affected our results.
Effect of dietary minerals
Leathem had reported that deficiencies in calcium, phosphorus, zinc, manganese, molybdenum and iodine deficiency depressed gonadal development (19) . In this study, gonadal development was depressed by the stan dard level of AIN-76 mineral mixture, and accelerated by the 1/3.5 level of standard mineral mixture. These results show the possibility that some of the 14 kinds of minerals contained in the mineral mixture of AIN-76 are excessive. It remains to be clarified which these are.
We have already reported that the effect of dietary mineral content on calcium balance in rats kept in con stant darkness differs from that of rats kept in normal lighting (17, 18) . Also, it has been reported in rats that Ca absorption in the intestines displays a daily rhythm and that absorption is influenced by lighting conditions and meal time (20, 21) . In addition, it has been reported that the urinary excretion of sodium, chloride and potassium are influenced by lighting conditions, and these excretions were decreased by keeping the rats in constant darkness (22) . The fact that the effects of minerals on gonadal development was marked in rats kept in constant darkness suggests that the mineral metabolism or bioavailability is changed by disturbance in daily rhythm. But it is difficult to determine the rele vant mechanism on the basis of this study alone.
Effect of dietary oil
The 5% oil of the AIN-76 purified diet composition was desirable for gonadal development. However, it was thought that dietary oil levels in constant darkness affect metabolism, because many of the observed influ ences on gonads were recognized at different dietary oil contents in the D-groups. In addition, it had been reported that the composition of fatty acids influences testes development (23, 24) ; therefore, more studies must be performed concerning the effect of fatty acids on gonadal development in light-deprived rats. Because testosterone is a metabolic product of choles terol, the dietary oil content is believed to effect the gonad. However, in this study, the quantity of dietary oil content did not influence the serum testosterone con centration. These results show that the dietary y oil con tent participates in the development of testes and epididymides except for affecting testosterone biosyn thesis. 5. The relation between gonadal organ weight and serum testosterone concentration
In the D-groups, serum testosterone concentration decreased markedly, but the mechanism was not clear. Testosterone biosynthesis is regulated by a negative feedback mechanism of the luteinizing hormone (LH) and follicle-stimulating hormone (FSH) that are secreted from the pituitary. And LH and FSH are secreted in response to a gonadotrophic releasing hor mone from the hypothalamus (25, 26) . The hypothala mus function is influenced by nucleus suprachias matica, and the nucleus suprachiasmatica regulates biological rhythm based on lighting information from the eye (27) (28) (29) . Therefore, it is possible that the tes tosterone concentration decreases due to light depriva tion, which has an adverse influence on these feedback mechanisms.
Gonadal development depends on androgen, testos terone. The nutrients that had the same influence on testes development and serum testosterone concentra tion were protein and mineral. Therefore, it was thought that protein and mineral did not inhibit the functional expression of testosterone in testes, but instead participated in testes development through bio synthesis of testosterone. On the other hand, methio nine, vitamins and oil did not affect the serum testosterone concentration. So, it was thought that these nutrients were concerned with testes develop ment through a mechanism that has no relations to testosterone biosynthesis.
In addition, the effects of nutrients on testes develop ment were the same as that of epididymides, but dif fered from the effects on seminal vesicles and prostate. It iss surmised that the kind and quantity of nutrients necessary for gonadal development depend on the kind of gonad.
Testes and epididymides both seemed to have a higher sensitivity to dietary nutrient content than sem inal vesicles and prostate, as more nutrients influenced the testes and epididymides development than they did the seminal vesicles and prostate.
The present study fully documented that the depres sive effects on gonads caused by constant darkness vary 
